Urine from mutant mice which lack D-amino-acid oxidase contained a large amount of D-alanine. The alanine content was not changed by changes in the dietary composition or by starvation. However, oral administration of an antibiotic, amoxicillin, decreased the urinary alanine to the normal level. These results suggest that the D-alanine is not of dietary origin but of intestinal bacterial origin.
INTRODUCTION
D-Amino-acid oxidase (EC 1.4.3.3) is an enigmatic enzyme. It catalyses the oxidative deamination of D-amino acids (stereoisomers of naturally occurring L-amino acids) to the corresponding a-oxo acids [1, 2] . Almost all higher animals have this enzyme in the kidney, liver and brain [2] . Although its molecular properties and kinetic mechanism have been elucidated in detail [3] [4] [5] [6] [7] [8] , its physiological role is not known, because D-amino acids are rare in higher animals.
Mutant animals are useful for the study of the functions of enzymes, because examination of physiological changes caused by mutational changes in enzymes often reveal their physiological roles. We have established a mutant mouse strain which lacks Damino-acid oxidase [9, 10] . The mutant ddY/DAO-mice excrete large amounts of methionine and alanine in urine compared with normal mice [11] . These amino acids are mostly D-isomers [12, 13] . D-Methionine was found to derive from DL-methionine supplemented in a commercial mouse diet. The ddY/DAO-mice are unable to utilize the absorbed D-methionine due to a lack of D-amino-acid oxidase, so they excrete it in urine.
The source of the D-alanine abundant in the urine of the ddY/DAO-mice is not known, because their diet does not contain DL-alanine, no metabolic pathway from D-methionine to D-alanine is known, and mammals do not have an isomerase which directly converts L-alanine to its D-isomer. Therefore we examined whether the D-alanine was of dietary origin or not. Because bacterial cell walls contain D-alanine as a major constituent [14] , we also examined whether the urinary D-alanine came from intestinal bacteria.
MATERIALS AND METHODS Antibiotics
Cell wall synthesis inhibitors used were amoxicillin (Pasetocin; Kyowa Hakko Kogyo Co., Tokyo, Japan), cefixime (Cefspan; Fujisawa Pharmaceutical Co., Osaka, Japan) and cephalexin (Keflex; Shionogi & Co., Osaka, Japan). Protein synthesis inhibitors used were clindamycin-2-palmitate hydrochloride (Dalacin; Japan Upjohn, Tokyo, Japan), josamycin propionate (Josamy; Yamanouchi Pharmaceutical Co., Tokyo, Japan) and minocycline hydrochloride (Minomycin; Lederle, Tokyo, Japan).
Mice and diet
Normal ddY/DAO' mice and mutant ddY/DAO-mice were raised on a stock diet (Type NMF; Oriental Yeast Co., Tokyo, Japan). This diet contained about 0.04% DL-methionine as a supplement [12] . Groups of three or four adult male mice were housed in a polycarbonate cage (21.5 cm x 32 cm x 14 cm) with a bedding of wood shavings. They were maintained at 24 + 2°C with a 12 h light/dark cycle.
To examine the effects of diet on the urinary levels of alanine and methionine, we fed the ddY/DAO-mice on Rodent Laboratory Chow 5001 (estimated D-methionine content was 0.0037 %; Ralston Purina Co., St. Louis, MO, U.S.A.) or a modified NMF diet (Oriental Yeast Co.) in which supplementary DL-methionine in the NMF diet was replaced by an equal amount of L-methionine [12] . The mice were maintained on the new diets for at least 2 weeks before urine collection.
Urine collection and analysis of amino acids in urine
The mice were kept in individual metabolic cages and urine was collected overnight (17: 00 h-10: 00 h); throughout this time, the mice had free access to food and water.
After urine was passed through deproteinization and cationexchange chromatography, amino acid concentrations were determined using amino acid analysers (models KLA-5 and 835, Hitachi, Tokyo, Japan) as previously described [11] . Creatinine content in the urine was determined using an assay kit (Wako Pure Chemical Industries, Osaka, Japan). Amino acid concentrations in urine are normalized by its creatinine content. Normalized amino acid concentrations were compared between control mice and experimental groups of mice by Student's t test.
Starvation
The ddY/DAO-mice were starved for 24 h (17: 00 h-I 7: 00 h), though they were given water ad libitum. They were then transferred to individual metabolic cages and urine was collected for the subsequent 17 h (17:00 h-10 :00 h), during which time the animals were starved. Because only a small quantity of urine was excreted under these conditions, urine from two or three mice was combined, and amino acid concentrations and creatinine content were measured.
Antibiotic administration
The ddY/DAO-mice were given, ad libitum, the stock diet and water containing antibiotics for 7 days. Antibiotics were present in the water either alone or in combination at the following concentrations: amoxicillin, 0.015%; cefixime, 0.005%; clindamycin, 0.012 %; minocycline, 0.003 %; amoxicillin, 0.01 % plus minocycline, 0.002%; and cephalexin, 0.012% plus josamycin, 0.01 %. The water (containing antibiotics) and the cages containing the mice were changed every other day. On day 7, the * To whom correspondence should be addressed.
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Time course of the decrease in urinary alanine
The time course of the decrease in urinary alanine was examined in the mice given 0.01 % amoxicillin plus 0.002% minocycline. Male ddY/DAO-mice were housed for 10 days in individual metabolic cages and were given the stock diet and water containing the antibiotics ad libitum. Meanwhile, urine was collected daily (17:00 h-I :00 h) and kept frozen at -20°C until analysis. The water (containing the antibiotics) and the metabolic cages were changed every day. Urine samples containing 3 ,ug of creatinine were applied to a silica gel thin-layer plate and developed as previously described [11] . Alanine was detected by using a spray of 0.2 % ninhydrin in ethanol on the plate. Table 1 shows that urine from mutant ddY/DAO-mice lacking D-amino-acid oxidase contained 9.3-fold more alanine and 5.8-fold more methionine than that from normal ddY/DAO+ mice. These amino acids were mostly D-isomers [12, 13] . These mice were maintained on the Oriental Type NMF stock diet.
RESULTS
When the ddY/DAO-mice were given Purina Rodent Laboratory Chow 5001 which contained a low level of supplementary DL-methionine, the amount of urinary methionine decreased to the normal level, but the level of urinary alanine did not change. When they were given the modified NMF diet in which supplementary DL-methionine in the NMF diet was replaced with an equal amount of L-methionine, the amount of urinary methionine also decreased but the concentration of urinary alanine remained high. These results suggest that the methionine in the urine originated from the diet but that the alanine did not. The decreases in urinary methionine observed when the ddY/DAOmice were fed on the Rodent Laboratory Chow 5001 or the modified NMF diet are consistent with our previous results [12] .
When the ddY/DAO-mice were starved, the urinary methionine decreased to the normal level, but the urinary alanine remained at the high level (Table 1) . These results are consistent with the above results, i.e. the methionine is of dietary origin whereas the alanine is not.
To test the possibility of an intestinal bacterial origin of the urinary D-alanine, we gave water containing antibiotics to the ddY/DAO-mice for 7 days and measured amino acid concentrations in their urine. Table 2 shows that 0.012 % clindamycin did not change the urinary level of alanine. Cefixime (0.005 %) and a combination of 0.012 % cephalexin and 0.01 % josamycin lowered the urinary alanine to some extent. However, a combination of 0.01 % amoxicillin and 0.002 % minocycline lowered the urinary alanine to the normal level. The effective antibiotic of these two was found to be amoxicillin, as amoxicillin alone at a concentration of 0.0'5 % reduced the urinary alanine level, whereas minocycline alone at 0.003 % did not. Although urinary alanine was decreased by amoxicillin or amoxicillin plus minocycline, the urinary methionine content was not significantly changed, again confirming the different sources of these amino acids.
The time course of the decrease in the urinary alanine was examined in the ddY/DAO-mice given water containing 0.01 % amoxicillin plus 0.002% minocycline. Fig. 1 shows that the alanine content was high in the urine at 1 and 2 days after administration of the antibiotics. However, urinary alanine content decreased on day 3 and was almost the same as that of a normal ddY/DAO+ mouse on and after day 5.
These results suggest that the D-alanine abundant in urine from the ddY/DAO-mice comes from intestinal bacteria.
DISCUSSION
D-Alanine, which is abundant in urine from ddY/DAO-mice, is not of dietary origin. It probably comes from intestinal bacteria, as bacterial cell walls contain D-alanine [14] , and oral administration of an antibiotic, amoxicillin, lowered urinary alanine in these mice. Our conclusion is consistent with the finding of Hoeprich [15] that serum from mice and guinea pigs reared under conventional conditions contained D-alanine whereas serum from their counterparts grown under germ-free conditions did not. It is very likely that components released from bacteria are absorbed through the intestine of the host animals. In fact, Yang et al. [16] showed that rats efficiently digested and utilized Escherichia coli when it was force-fed or when it was placed in the caecum. It seems that the mutant ddY/DAO-mice are unable to metabolize the absorbed Dalanine due to a lack of D-amino-acid oxidase, so they excrete it in urine. These results indicate that, in normal mice, D-alanine is constantly metabolized by the oxidase. Metabolism of D-amino acid(s) of bacterial origin would be one of the physiological functions of D-amino-acid oxidase.
It is not known what species of intestinal bacteria are the source of the D-alanine in urine of the ddY/DAO-mice. A large number of species inhabit the alimentary tract of mice [17] . Amoxicillin was effective in decreasing the urinary alanine in the mutant mice. This drug is one ofthe semi-synthetic penicillins and suppresses both Gram-positive and Gram-negative bacteria [18] . Due to this broad antimicrobial spectrum, the causal bacterial species have not been identified. The effects of amoxicillin on urinary alanine content cannot be due to an overall disturbance of absorption in the intestine, reabsorption in the kidney or metabolism in the whole body, as no change was observed in the urinary excretion of amino acids other than alanine. Furthermore, cessation of antibiotic administration resulted in an increase in alanine excretion (results not shown).
Administration of amoxicillin or amoxicillin plus minocycline for 7 days to the ddY/DAO-mice decreased the urinary alanine.
However, prolonged administration of the antibiotics sometimes caused re-accumulation of alanine in urine to the original high level or above (results not shown). This would be related to the appearance of amoxicillin-resistant bacteria in the alimentary tract and/or to the establishment of new microflora after suppression of normal flora. Alterations in intestinal microflora caused by administration of antibiotics have been described [19] .
